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1. Introduction
Fluid pressure and its variation is an important
mechanism for the transport of stress in the
earth’s crust (Hickman et al., 1995). Small pertur-
bations of pore pressure are able to modify the ef-
fective stress and can induce seismic events
(Zoback and Harjes, 1997; Shapiro et al., 2003).
An aftershock sequence triggered by a fluid pres-
sure pulse propagation coming from a deeper
reservoir is discussed by Miller et al. (2004).
Crampin (2003) proposed an increase of hydro-
static fluid pressure as being one part of the re-
quired stress before brittle faulting. That means
that local stress variation will be transmitted by
fluids through the open fracture system (Gud-
mundsson, 2000). Muir-Wood and King (1993)
described these effects of stress propagation to the
fluid transport system by seismic energy release.
Pre- and co-seismic effects of changes in crustal
permeability attributable to seismotectonic activi-
ty were reported by Toutain and Baubron (1999
and references therein), and Roeloffs et al. (2003
and references therein). Similar effects were ex-
pected in the test site area of Val d’Agri (Southern
Apennines). The influence of crustal deformation
processes, recognisable by a relatively high seis-
micity, on the local fluid dynamics was therefore
investigated by means of hydrogeochemical and
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geoelectrical methods. For that purpose, the fluid
emission of an unused exploration well was
recorded. Anomalous fluid behaviour in seismic
as well as volcanic active areas was also reported
by Ito et al. (1999), Heinicke and Koch (2000)
and Matsumoto et al. (2002, 2003).
2. Geological and seismological settings
The investigated area is located in Southern
Apennine Chain, a Neogene and Quaternary fold-
and-thrust belt attributed to the subduction of Ion-
ian lithosphere beneath the Adriatic plate
(Doglioni et al., 1996). This part of the Apennines
comprises a stack of east verging tectonic units
representing an accretionary wedge composed of
Mesozoic-Cenozoic sediments. Those were origi-
nally deposited in different paleogeographic do-
mains, both basinal (Lagonegro) and shallow wa-
ter platforms which were thrust onto the Apulian
foreland to the east (Bonini and Sani, 2000). 
In the present paper the Val d’Agri area, a
NW-SE trending intermontane basin located in
the Basilicata Apennine, has been focused.
This fault-bounded basin is about 30 km long
and 12 km wide and was formed during Qua-
ternary in the interland of the fold and thrust
belt after the major Miocene-Pliocene episodes
of shortening (Giano et al., 2000).
The seismicity of the investigated area is relat-
ed to the Irpinia normal faults, the Potenza strike-
slip fault and the Val d’Agri normal faults. The Val
d’Agri fault system consists of roughly N120°
trending left-lateral strike-slip faults (Monaco 
et al., 1998) and associated features including
mainly: i) N020-N030 trending right-lateral/trans-
tensional faults; ii) N090-N110 trending, left-lat-
eral transtensional faults; and N120-N150 trend-
ing, left-lateral transpressional faults (see fig.
1a,b). About the Potenza strike-slip fault the focal
mechanism calculated for the main shock (May 5,
1990, ML = 5.2) shows a strike slip solution with a
N70E T-axis and a N163E P-axis (Azzara et al.,
1993). For the Irpinia area, a strike angle of 320°
and a dip angle of 70° NE has been calculated for
the main normal faults (Vaccari et al., 1990).
Historically one of the most important
events, the normal-faulting earthquake of De-
cember 16, 1857 (I = XI° MCS; Me = 6.9), oc-
curred in the NW part of the Val d’Agri (Mallet,
1862; Boschi et al., 1997). This earthquake was
Fig. 1a,b. a) Map of the active faults, b) stress field geometry in Val d’Agri region (from Cello et al., 2003) and
the locations of the hydrogeochemical station of Tramutola and the SP-station of Marsico Nuovo and Villa d’Agri.
a
b
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characterized by an epicentral area which ex-
tended in a roughly NW-SE direction from the
northern Vallo di Diano to the Val d’Agri area,
for a total length of about 60 km and a width of
more than 10 km (Cello et al., 2003). The stress
field responsible for the genesis and evolution
of the fault systems (σ1, sub-horizontal) is
WSW-ENE trending (Cello et al., 2003). Up-
graded stress field data in the studied area have
recently been reported by Cucci et al. (2004)
with a NE-SW direction of extension. 
On November 23, 1980, a strong earthquake
(Ms = 6.9) struck the area north of Val d’Agri, the
Campano-Lucano Apennines. The 1980 Irpinia
earthquake was characterised by three distinct
subevents occurring within 40 s along different
faults. Seismic activity after the 1980 event con-
sisted of medium intensity events (M < 5.5) lo-
cated close to the border between the Campania
and Basilicata regions (Alessio et al., 1995). 
Besides the strong historical seismicity, the
local seismicity with low-middle strong events
(ML = 1, ..., 5) is still active. We selected sever-
al seismic events from the INGV Internet Bul-
letin (www.ingv.it) for our interpretation (see
fig. 2 and table I). Important for our selection
was an empirical frame: a distance to the hy-
drogeochemical station of less than 60 km (in
coordinates: 40.0-40.8N and 15.3-16.1E), the
foci not deeper than 25 km and an occurrence in
a time window of three weeks before and after
the anomaly. All seismic events used for our in-
terpretation are marked by a symbol, the capital
letters A-T, and documented in fig. 2.
Fig. 2. Spatial distribution of epicentres of the seis-
mic events A-T (black dots, see table I) during anom-
alous gas flux periods and their relation to the Tra-
mutola, Marsico Nuovo and Villa d’Agri station
(white circle).
Table I. All seismic events occurring in Val d’Agri
region within the co-ordinates of 40.0-40.8N and
15.3-16.1E and the foci not deeper than 25 km with
possible temporal relations to the recorded flux
anomalies; focal depth in km (INGV Bulletin). Fig-
ure 2 show the epicentre with the symbols.
Date Lat. Long. M Depth Symbol
03.04.1996 40.683N 15.550E 4.9 8.0 A
09.09.1998 40.020N 15.570E 5.5 11.0 B
04.11.2001 40.393N 16.052E 2.0 10.0 C
04.11.2001 40.458N 16.162E 2.0 4.4 D
04.11.2001 40.492N 15.580E 2.0 13.1 E
21.11.2001 40.547N 15.814E 2.8 19.7 F
21.11.2001 40.560N 15.824E 2.6 11.3 G
21.11.2001 40.523N 15.776E 2.0 22.6 H
08.02.2002 40.239N 15.927E 2.6 10.0 I
14.02.2002 40.644N 15.557E 2.6 10.0 J
19.02.2002 40.699N 15.411E 2.4 9.4 K
26.02.2002 40.218N 15.822E 2.6 10.0 L
03.03.2002 40.529N 15.544E 2.1 10.0 M
24.01.2003 40.762N 15.384E 2.6 9.9 N
03.02.2003 40.753N 15.643E 3.6 8.4 O
03.02.2003 40.751N 15.669E 3.5 8.0 No
04.02.2003 40.783N 15.661E 2.8 9.7 No
04.02.2003 40.643N 15.659E 2.5 9.8 P
07.02.2003 40.459N 15.600E 2.3 5.0 Q
12.02.2003 40.690N 15.608E 2.3 11.0 R
16.02.2003 40.367N 15.576E 2.2 15.9 S
16.02.2003 40.274N 15.735E 2.1 16.2 T
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3. Analysis of hydrogeochemical 
and geoelectrical signals 
Geological and seismological features, com-
bined with a very low level of anthropogenic
noise, allow us to consider the selected area a test
site to study the possible correlations between
tectonic activity and anomalous patterns in hy-
drogeochemical and geoelectrical signals. In
2000 the Institute of Methodologies for Environ-
mental Analysis (National Council of Research,
Potenza, Italy) installed a monitoring network to
detect geophysical, hydrogeochemical and seis-
mometric parameters in the Basilicata region
(Balasco et al., 2001). Two remote stations of
this network are recording self-potential signals:
Marsico Nuovo (40.416N, 15.722E) and Villa
d’Agri (40.372N, 15.803E) and a third station is
recording hydrogeochemical parameters: Tra-
mutola (40.322N; 15.759E) (figs. 1a,b and 2).
3.1. Self-potential stations
These geoelectrical recordings started at
Marsico Nuovo station in November 2000 and
in Villa d’Agri station in September 2001. The
self-potential recording consists of measure-
ments at the earth’s surface, recording the elec-
trotelluric field developed in the subsurface by
several mechanisms such as electrokinetic cou-
pling (self-potential) and electrochemical ef-
fects (Corwin and Hoover, 1979).
The electrical field is due to the relative dis-
placement between the charged mineral grains
and the pore water. This drags the excess of
electrical charge, located in close vicinity to
the pore water/mineral interface, into the so-
called electrical double layer (Revil and Leory,
2001). This phenomenon produces a net cur-
rent density, which serves as a source term in
the Maxwell equations. These electrokinetic
effects are known as streaming potential. In ad-
dition, this electric field is strong enough to be
recorded at the ground surface using non-po-
larizable electrodes (Revil, 2002). Other theo-
ries also attribute self-potential signal genera-
tion to charge motions in crystalline solid ma-
terials at depth (see also Vallianatos et al., 1999
and references therein).
The self-potential acquisition system used in
the Val d’Agri stations consists of an array with
1.5 m long copper electrodes (6 in Marsico Nuo-
vo and 2 in Villa d’Agri), put into the ground at 1
m depth. The electrodes spacing is between 60-
80 m. They are linked up with a high-resolution
acquisition unit (16 bit) connected to a PC with a
serial interface. The sampling rate is one second.
3.2. Hydrogeochemical station
After the strong 1857 Val d’Agri earthquake,
an unusual natural emission of oily fluids took
place close to the Tramutola village. Just a few
tens of meters away a 500 m deep well for oil ex-
ploration was drilled in 1956. The well, which
crosses clay, silicic clays, and silicic limestones
belonging to the Lagonegro units, encountered an
artesian aquifer emitting thermal water and gas.
The well is currently utilised for scientific
purposes. Italiano et al. (2001) investigated geo-
chemical parameters and isotopes by manual sam-
pling techniques. The gas emission is methane-
dominated (> 80%) and showed significant short-
term variations in the composition due to local
seismogenic processes. The water, spontaneously
discharged from the well at a rate of 500 L/min, is
of a Na-HCO3-Cl type. The water temperature is
27.8 °C. The isotopic composition disclosed a me-
teoric water origin, since δ 18O and δ D values are
on the local meteoric water line. The chemistry of
the thermal water is related to the process of car-
bonate dissolution and subsequent cation ex-
change in deeper reservoirs. The R/Ra ratio of the
Helium isotopes is > 1 and indicates a mantle con-
tribution, which is also supported by the δ 13C da-
ta of the CO2 components of − 3.5‰.
The hydrogeochemical station of Tramutola,
whose acquisition started in May 2001, is able to
record several parameters. A gas counter was in-
stalled to record a part of the natural gas flux
from the well. Due to different installation set
ups with different sampling tubes and gas coun-
ters, the recorded gas flux ranged between 4 and
50 L/min. One part of the emitted gas flux is col-
lected in a long plastic tube of 30 cm diameter
directly above the borehole. A smaller tube
transports the gas to the counter. The gas flux is
recorded by counting the electric pulses per 10
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min by a drum gas counter. The recording error
is less than 1%. Other parameters recorded by
the Tramutola station are the atmospheric pres-
sure, water and environment temperatures and,
since May 2003, two self-potential dipoles along
N-S and E-W directions. The records of gas flux
show no response to tidal effects. The typical
correlation to atmospheric pressure variation,
observed on mineral springs (Koch et al., 2003)
or on volcanic gas emission sites (Shimoike and
Notsu, 2000) was not observed due to the arte-
sian discharge from the deep reservoir. 
Figure 3 shows the first period of continu-
ous gas flux records before the records were
disturbed partly due to technical problems. A
possible relation to local seismic events will be
discussed in the following paragraphs. 
3.3. Previously recorded data
During the past three years some anomalies
in the gas flux have been recorded. The macro-
scopically observed flow rate as well as the
chemical and isotopic compositions of the Tra-
mutola gas emission changed significantly in
connection with the seismic event occurring on
April 3, 1996, north of Tramutola (ML = 4.9;
epicentral distance 45 km, symbol A in fig. 2)
(Italiano et al., 2001). The gas emission
changed from a methane dominated phase to a
nitrogen dominated one and back to normal af-
ter the seismic crisis (table II) mixing process-
es occurred which were probably induced by
the seismogenic process. 
Pore pressure increase in the upper nitrogen
dominated reservoir, or gas pressure reduction
in the deeper methane dominated reservoir
could have generated the recorded anomaly. A
second strong event (M = 5.5) which occurred
in September 1998 induced no variation in the
chemical composition of the water. The epicen-
tre (epicentral distance 38 km, B) was probably
outside the seismogenic influenced fluid sys-
tem, which seems to be trending more N-NW. A
parallel 130°N-trending seismogenic zone
(Cucci et al., 2004) provide further arguments
for an open fluid system in that direction.
Fig. 3. Temporal variation of the gas flux recorded at Tramutola station during the first measurement period
from November 2001 to March 2002 and their local seismicity.
Table II. Gas composition in normal conditions and
during the seismic crisis.
Gas in vol% CH4 He (ppm) N2 CO2
Normal gas 83 230 13 1.4
composition
During the 38 69 59 3.1
seismic crisis
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3.4. Anomalous data recorded in November 2001
Two periods of hydrogeological anomalies
occurred in November 2001.
At the beginning of our records on November
1, 2001, after a gap in recording, immediately we
recorded a period of anomalous gas variations
with higher gas flux of around 6-7 L/min up to
November 8 (fig. 4). The following period shows
the normal flux of around 3-4 L/min. Barometric
pressure variations were not responsible for this
increased gas flux.
If these anomalous phenomena were generat-
ed by the same causes that induced the anomalies
recorded in the flux and in the gas composition in
1996 we infer that the observed anomalies can be
related to local geodynamic processes testified by
one of the seismic events of November 4 (table I
and figs. 2 and 4). Other events in that area and
period occurred on October 13 and on November
Fig. 4. Temporal variation of the gas flux and atmos-
pheric pressure recorded at Tramutola station in the
period from November 1 to 13, 2001. The capital let-
ters C, D and E are local seismic events in that period.
Their epicentres are presented in table I and fig. 2.
Fig. 5a,b. a) Temporal variation of the gas flux, rain
and atmospheric pressure recorded at the Tramutola
station and the self potential signal recorded at Mar-
sico Nuovo in the period from November 11 to De-
cember 6, 2001. Local seismic events in that period:
F, G and H. b) Enlarged part of the temporal varia-
tion of gas flux and self potential signal in the anom-
alous period from November 20 to 22, 2001. 
a
b
21. The events of November 21, have occurred
north of Tramutola in the Val d’Agri area (table
I), could be responsible for a further anomaly on
the same day. The distance from the main event
to Tramutola station is about 18 km (fig. 2). An
anomalous fluid emission had been recorded
some hours before these events.
Figure 5a shows the second gas flux anomaly
at Tramutola station: an anomalous pattern in the
signal is visible between November 20 and 25.
This anomaly is characterized by a sharp de-
crease and increase occurring several hours be-
fore the earthquakes F, G and H (fig. 5b). The
gas flux increased from 4 to 6 L/min at 10 p.m.
on November 20. Concomitantly, an anomalous
decrease in the self-potential signal to a level of
25 mV in the E-W signal was recorded at Marsi-
co Nuovo SP-station on November 20 followed
by a positive anomaly co-seismically on Novem-
ber 21. No rain influenced that region during
these days. 
3.5. Anomalous data recorded in February 2002
A third gas flux anomaly was recorded on
February 27, 2002 as a spike like gas eruption
with a duration of one hour (fig. 6). The gas flux
increased from around 4.5 L/min to 6.9 L/min. In
the same period on February 26 a M = 2.6 earth-
quake (L) occurred close to the Tramutola sta-
tion. Furthermore, the geoelectrical signal
recorded at Marsico Nuovo station, showed an
anomaly characterised by a sharp negative varia-
tion on February 26 – ca. 7 h before the seismic
event. No rainfall was observed in the same peri-
od. Other seismic events close to the stations dur-
ing that period are listed in table I. 
3.6. Anomalous data recorded in February 2003
A further example of significant gas flux
anomaly occurred on February 8, 2003 (fig. 7).
This short term peak lasting 3 h was not ac-
companied by a self-potential anomaly. The gas
flux increased from 16 to 24 L/min. A seismic
event of magnitude 2.3 occurred 9 h before the
recorded anomaly. Further seismic events are
listed in table I. 
Fig. 6. Temporal variation of the gas flux and at-
mospheric pressure recorded at the Tramutola station
and the self potential signal recorded at Marsico Nuo-
vo in the period from February 21 to March 7, 2002.
L and M are local seismic events in that period. 
Fig. 7. Temporal variation of the gas flux and at-
mospheric pressure recorded at the Tramutola station
in the period from February 4 to February 16, 2003. P,
Q, R, S and T are local seismic events in that period.
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4. Discussions
The four gas flux anomalies presented here
show different patterns in their duration but al-
so some common features. In particular a sig-
nificant increase in gas flux characterises each
of the anomalous periods, which could be re-
lated to a compression process. Anomalous wa-
ter temperature variations were not observed.
The anomalies in the investigated period
were represented by an increase in gas flux with
long term variations in November 2001 and
short term peaks in the following two years.
Italiano et al. (2001) showed that fluctuations in
the fluid composition of Tramutola well were
recorded and accompanied by a macroscopical-
ly observed variation in the flow rate. In 1995,
the nitrogen content increased from approxi-
mately 15% to 50% in comparison to methane
content during the anomalous period. If the
methane content was constant, the nitrogen
content increased six times so that the whole
gas flux increased from 100% to 170%. The rel-
atively stable He3/4 ratio supports this idea.
The recently recorded gas flux anomalies also
show an increase of about 150%. These addi-
tional amounts of gas could be related to a vari-
ation in the local stress field. The influences on
fault permeability during crustal deformation
processes could induce the temporal variations
in the gas emission. Long-term gas flux anom-
alies having been recorded before the seismic
events on November 2001 could be interpreted
with a long-term pressure increase on the fluid
conduits. Obviously, not each of the stress ac-
cumulation stages before local events influ-
ences the fluid transport parameter. Only a few
anomalies were recorded in that seismically ac-
tive region.
The two short term anomalies occurring
10-13 h after the seismic events in 2001 and
2002 are so called post-seismic anomalies.
Geodynamic processes, like hydro-fracturing
or a fast conduits compression, could possibly
characterise this type of short term anomaly
generation. Matsumoto et al. (2003) suggest
ground motion due to the earthquake for inter-
pretation. In all cases, probably the upper ni-
trogen filled horizons are the resources for that
increase in the flux rate.
The NNW-SSE oriented fault structure at
Tramutola as main fault gauge is influenced by
the regional stress field of σ1 in WNW-ESE
(Cello et al., 2003). Stress accumulation could
be responsible here as an influencing factor to
induce fluid flux anomalies. Figure 2 shows a
distribution of all mentioned events A-T which
could be related to the recorded anomalies.
However, an unproven/weak correlation is
recognisable: for all anomalies seismic events
exist along the NW-SE trending Val d’Agri
fault line, in particular: A, E, (F, G, H), L and
Q. All epicentres, except B, C and D, were lo-
cated in a N-NW trending fault zone which is
characterised by the main compression zone, a
suitable conduit for anomalous high pore pres-
sure. The distances between the epicentres and
Tramutola are less than 50 km. 
Furthermore self-potential anomalies were
simultaneously recorded in two cases: Novem-
ber 2001 and February 2002. These anomalies
were recorded only in Marsico Nuovo. Proba-
bly, similar to the gas flux anomalies of Tra-
mutola, short term anomalies in the fluid trans-
port process could here also be responsible for
these SP variations. The idea of regional/local
stress/pressure propagation will be supported
due to the fact that both stations are located in
the same part of the fault structure. Temporal
differences in the anomaly occurrence could
express the dynamics of this process. The sec-
ond self potential station at Villa d’Agri on the
East side of the fault zone showed no anom-
alies during that period. 
5. Conclusions
Significant anomalies in hydrogeochemi-
cal and geoelectrical signals recorded in Val
d’Agri by remote stations have been related to
the occurrence of seismic events, whose epi-
centres are located close to the stations. Since
the influence of meteorological factors on the
abnormal fluctuations of geoelectrical and
geochemical data has been excluded, these
fluctuations can be attributed to crustal defor-
mation processes, though not all local seismic
events were preceded or followed by this kind
of fluid anomalies. 
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